Perillyl alcohol (PA) is a natural compound found in essential oils. In this study, the antinociceptive activity of PA was evaluated using acetic acid and formalin tests. The involvement of the opioid system in its mechanism of action was investigated. Potential histological changes in the hippocampus and striatum were also assessed. In the acetic acid induced writhing tests, the mice pretreated with PA exhibited significant reductions in writhing. PA inhibited formalin injected paw licking response, and naloxone partially reversed the antinociceptive activity of perillyl alcohol during the writhing test. And as for the histopathological evaluation, PA did not cause significant tissue changes. This study suggests that PA possesses antinociceptive effects without significant hippocampus or striatum neurotoxicity, and that its activity involves opioid.
Variability in human pain response is considered relevant, and its expression can be determined by emotional, cultural, and neurobiological factors [1, 2] . Pain is a complex sensory quality, yet sufficient in itself to impel an unceasing search for effective drugs to safely eliminate it. Among sources of new bioactive substances, plants play important role, this mainly due to their secondary metabolites, such as the terpenoids. Plants containing terpene derivatives have been used as sedatives, cytotoxic, tranquilizers, and anticonvulsants [3] [4] [5] . Many essential oils and their constituents show anxiolytic, anticonvulsant, spasmolytic, anti-inflammatory and antinociceptive pharmacological activities [6] [7] [8] [9] 4] . A recent review described 43 compounds (found in essential oils) possessing antinociceptive activity, of which 62.8% were monoterpenes [10] . Although it is widely used inhalation in researches, is necessary to endorse AP by other routes of administration in order to know its effectiveness. Perillyl alcohol (PA) is a monoterpene, also known as p-mentha-1,8-dien-7-ol ( Figure 1 ). It is common, and naturally found in cherries, lavender, mint, and celery seeds [11] . Its chemical structure is similar to menthol, whose molecular antinociceptive activity has already been established [12] . In this study, the antinociceptive activity of (S)-(-)-perillyl alcohol (PA) was evaluated using acetic acid and formalin tests. We also investigated involvement of the opioid system in its possible mechanisms of action. Finally, potential histological changes (after acute administration of PA) were assessed in the hippocampus and striatum.
In the "peripheral" analgesia experiments induced by acetic acid, the number of contortions displayed by the control group was 21.4 ± 4.1. All perillyl-treated groups showed reduced writhing (50, 75 and 100 mg/kg, with 7.9 ± 3, 4.8 ± 1.7 and 1.4 ± 0.5, respectively) in comparison with the controls, exhibiting results similar to Writhing behavior as studied with acetic acid injection is often used to evaluate central and peripheral analgesic activity. The algesia induced by acetic acid promotes release of endogenous substances that stimulate nervous pain terminations [13, 14] . Acetic acidinduced nociceptive response may involve direct stimulation of nociceptive afferent fibers due to local pH reduction and synthesis of inflammatory mediators [15] .
Perillyl alcohol was able to significantly reduce (50, 75 and 100 mg/kg) paw licking time in first phase (56.3 ± 3.0, 67.0 ± 5.7 and 44.9 ± 4.3 s, respectively), as well as in second phase (95.4 ± 25.6, 154.3 ± 28.7 and 74.5 ± 25.5 s, respectively) pain response, as compared to the control group (94.9 ± 8.2 s and 271.1 ± 32.5 s, respectively). Morphine also produced reduction in the first (36.5 ± 5.6 s), and second phases (11.8 ± 3.4 s) ( Figure 3 and 4, p<0.05). Perillyl alcohol markedly decreased the number of writhes, revealing unequivocal antinociceptive effect comparable to morphine. To characterize in detail this antinociceptive action, formalin testing was performed, which is another chemical model of nociception that provides a more specific response when compared to the acetic acid model [16] . It is currently considered the best model for preclinical pain [17] , since it produces distinct biphasic response (early and late phases). The test therefore can be used to clarify possible mechanisms of an antinociceptive substance against a known analgesic. Centrally acting drugs, such as opioids, inhibit both phases similarly, but peripherally acting drugs, such as aspirin and dexamethasone, inhibit only the late phase [18] . The doses of PA tested against formalin inhibited both phases, as do central acting medicines. These results, in association with the writhing test outcomes, indicate antinociceptive effect, with a possible central component.
The effect of opioid differed from PA in the acetic acid induced writhing test as shown in Figure 5 . The group treated with naloxone (21.6 ± 2.2) showed no significant difference when compared to the control (23.3 ± 2.5). Both PA at a dose of 100 mg/kg (3.4 ± 1.7), and 6 mg/kg of morphine (0.3 ± 0.2) significantly reduced the number of writhings compared to the controls. Treatment with naloxone partially reversed the effect of PA (PA + naloxone: 10.4 ± 2.3) when compared to the group treated only with PA. Morphine, the positive control, also had its effect reversed by naloxone, as expected (morphine + naloxone group: 20.0 ± 3.4), when compared to the group that received only morphine.
Opioid receptors expressed in nerves are involved in pain transmission (sensory upward trend), and modulation (descending inhibitory path) in the periphery, spinal cord, and brain [19] . The analgesic effect of monoterpenes on the opioid system have been described in the literature; for the monoterpene (-)-menthol; Galeotti et al. in 2002 [12] , (-)-linalool; Peana et al. in 2003 [20] , and α-phellandrene; Lima et al. in 2012 [21] . To evaluate the participation of the opioid pathway in the mechanism of action of PA, naloxone, a nonselective opioid receptor antagonist was used. The standard drug of choice was morphine. The results suggest the involvement of the opioid system in the antinociceptive effect of PA, however due to the partial reversion of the antinociceptive action in animals pretreated with naloxone it is possible that there is the additional participation of other central neurotransmission systems. Figure 5D ).
Brain tissue examinations of the controls (0.9% saline) (Figure 6a and 7a), PA 50 (50 mg/kg) (Figure 6b and 7b ), PA 75 (75 mg/kg) (Figure 6c and 7c) , and vehicle groups (Figure 6e and 7e) did not reveal histopathological hippocampal or striatum changes (Table 1) . Only the PA 100 mg/kg group induced hippocampal and striatal alterations, in which 33% of the animals showed hippocampal lesions with a perceived severity of 16% and 16% showed histopathological alterations in the striatum, with severity at 10% ( Table 1 ). The animals displayed moderate neuronal loss, gliosis, and typical vacuolar degeneration in the hippocampus and striatum regions (Figure 6d and 7d ).
Being lipophilic, PA likely passes the blood brain barrier. We evaluated whether the compound causes significant histologic changes in the brain after acute administration. We attempted to observe pathological neuronal changes in the hippocampus and striatum; vacuolization, necrosis, atrophy, degeneration, and pyknotic nuclei, in order to identify potential neurotoxicity caused by the monoterpene. Perillyl alcohol caused only minimal tissue changes in the two areas studied.
The results obtained in this study suggest that PA possesses antinociceptive effect as demonstrated in the formalin and acetic acid induced writhing tests; the mechanism may involve the opioid system. The monoterpene is also indicated for causing neither hippocampus nor striatum neurotoxicity. Perillyl alcohol has the potential to become an important therapeutic tool for treating pain. Vehicle group. Severity of lesion was expressed as mean ± S.E.M. of damage scores established by a perceptual scale for structural involvement. Brain damage was considered positive if there was at least 50% hippocampal involvement; Hematoxylin & Eosin staining (Scale bar, 10 μm, magnification 100 X). One representative experiment (n=6) is shown. Animals displayed a typical vacuolar degeneration (arrow), moderate neuronal loss (circle), and gliosis (square), in mice hippocampi ( Figure 5D ). Acetic Acid-Induced Writhing: Animals were divided into groups (n=8) and received perillyl alcohol (50, 75, or 100 mg/kg), vehicle (control), or morphine (6 mg/kg), administered intraperitoneally (i.p.) 30 minutes before the acetic acid 0.85% injection (0.1 mL/10 g). Each animal was placed in individual polyethylene boxes, and the number of writhings was quantified at 10 minutes of observation. Reduction in the number of writhes when compared to the control group was regarded as an antinociceptive response [22, 23] .
Experimental

Drugs and Chemicals
Formalin-Induced Nociception:
The animals were divided into groups (n=8) and treated i.p. with vehicle (control), perillyl alcohol (50, 75 or 100 mg/kg), and morphine (10 mg/kg). After 30 minutes, 20 μL of formalin 2.5% were injected into the sub-plantar area of the right hind paw. The duration of paw licking was measured after formalin administration from 0-5 minutes (first phase), and from 15-30 minutes (second phase) [24, 25] .
Possible Antagonism of the perillyl alcohol Antinociceptive: Effect by Pretreatment with Naloxone:
Mice were subcutaneously (s.c.) pretreated (n=8) with 5 mg/kg of naloxone, a nonselective opioid antagonist, 15 min before the i.p. administration of vehicle (control), perillyl alcohol (100 mg/kg), or morphine (6 mg/kg). Subsequently, the acetic acid-induced writhing test was performed as described above. 
